All chlorophyll (Chl)-binding proteins constituting the photosynthetic apparatus of both prokaryotes and eukaryotes possess hydrophobic domains, corresponding to membrane-spanning K-helices (MSHs). Hydrophobic cluster analysis of representative members of the different Chl protein superfamilies revealed that all Chl proteins except the five-helix reaction center II proteins and the small subunits of photosystem I possess related domains. As a major conclusion, we found that the eukaryotic antennae likely share a common precursor with the prokaryotic Chl a/b antennae from Chl-b-containing oxyphotobacteria. From these data, we propose a global scheme for the evolution of these proteins from a one-MSH ancestor. ß
Introduction
Chlorophyll (Chl)-carotenoid protein complexes constitute a very diversi¢ed group of molecules which play a key role in photosynthesis since they are implicated in the absorption or the transfer of light energy and (or) in the ¢rst steps of its conversion into chemical energy. These pigment-binding proteins can be divided into four main superfamilies di¡ering by the number of membrane-spanning K-helices (MSHs) : (1) the three-helix light-harvesting complex proteins (LHCPs) of photosystems I and II (PS I and PS II) which are nuclear-encoded proteins and are present in all photosynthetic eukaryotes (Lhca and Lhcb [1, 2] ), (2) the ¢ve-helix proteins of the PS II reaction center (RC) core (D1 and D2, i.e. type II RCs [3, 4] ), (3) the sixhelix protein superfamily which includes the PS II core antennae CP43 and CP47 [5] as well as IsiA, a protein induced by iron starvation in cyanobacteria [6] and (4) the 11-helix proteins of the RC cores of PS I (PsaA and PsaB, i.e. type I RCs [7, 8] ). To the ¢rst superfamily also belong one four-helix protein (PsbS or CP22 [9, 10] ) and a variety of one-or two-helix proteins often induced by stress, including the high light-inducible proteins (HLIPs, also called Scp for 'small cab-like protein' [11, 12] ), the early light-inducible proteins [13, 14] and the light-induced-like proteins (Lil [15] ).
Primary sequence similarities indicate that all eukaryotic LHCPs probably derive from a common protein precursor [16, 1] , but their exact origin is still enigmatic because of the absence of related polypeptides with similar function among photosynthetic prokaryotes. Recently, the complete sequencing of several photosynthetic prokaryotes has brought new opportunities to discover the missing link between prokaryotic and eukaryotic antennae. In par-ticular, the genomes of three strains of the marine oxyphotobacterium Prochlorococcus (MED4, MIT9313 and SS120) are now available. Prochlorococcus is one of the three oxygen-evolving prokaryotes (with Prochlorothrix and Prochloron) having an intrinsic Chl a/b antenna, like land plants and green algae, instead of the large extrinsic phycobilisomes found in typical cyanobacteria [17] . Antenna proteins of these three organisms, called Pcb for 'prochlorophyte Chl b-binding protein', belong to the six-helix CP43/CP47/IsiA superfamily [17, 18] . Relationships among the di¡erent Chl protein superfamilies remain elusive since the main conserved parts between all these proteins are the K-helices. Most of the current phylogenetic methods which allow comparisons of primary nucleotide or amino acid sequences are not adapted to compare such small peptide sequences because the calculated scores greatly depend on the overall length of the analyzed sequences. To get round this di⁄culty, we have applied a powerful method of 2D structure prediction, hydrophobic cluster analysis (HCA), which allowed us to identify and compare K-helices of representative members of the di¡erent Chl protein superfamilies. Whenever possible, we used protein sequence data derived from the genome of the oxyphotobacterium Prochlorococcus sp. MED4 as reference. These analyses led us to propose a revised evolutionary scheme for the origin of most of the Chl proteins.
Materials and methods

Hydrophobic cluster analysis
HCA plots of representative members of the di¡erent Chl protein families were drawn using DRAWHCA (available as a freeware at http://www.lmcp.jussieu.fr/Vsoyer/ www-hca/hca-form.html [19, 20] ). Protein sequences are displayed on a duplicated helical net using one-letter code for amino acids except for proline (star), glycine (diamond), threonine (square) and serine (dotted square). Hydrophobic residues are automatically contoured. The pitch of the helical net has been shown to o¡er the best correspondence between the positions of hydrophobic clusters and regular secondary structures for all classes of proteins (K, L, K/L). This representation of the sequence highlights not only 'linear' sequence similarities, but also local proximities. Indeed, unlike linear methods, HCA is not primarily based on the maximization of homology score, but rather on the detection and comparison of clusters of hydrophobic residues. However, the analysis is not restricted to hydrophobic residues (e.g. those located within the thylakoid membranes) but extends to local contacts with neighboring non-hydrophobic residues, shown to coincide with structural segments (e.g. residues constituting the hydrophilic faces of the transmembrane helices). Residues are colored to highlight sequence homologies between helices: hydrophobic residues in green, non-polar or weakly polar residues in yellow, aromatic residues in purple and Chl-binding residues in red. B: Corresponding sequence alignment for both helix types. The helices of the CP43 protein from the same organism were also included. 
These patterns were used for screening protein databanks using the indicated minimum identity threshold.
Protein alignment
The Prochlorococcus MED4 genome (http://www.jgi. doe.gov/JGI_microbial/html/) was screened by Blast [21] using Bioedit [22] in order to retrieve analogues of all Chl proteins known from other organisms. Screening of protein databases by position-speci¢c iterated Blast (PSIBlast [23] ) was used to detect homologous motifs to the six-helix Chl-binding protein family within other Chl protein families. HCA was then used to verify this homology and examine the amino acid region surrounding the K-helices. Protein sequences were aligned using Seaview [24] and re¢ned manually, according to HCA results.
Pattern
The multiple alignments obtained were used to de¢ne Prosite-style patterns (see Section 3). The programs ScanProsite [25] and Pattinprot [26] were then used to search for these patterns in protein databanks.
Results and discussion
Origin of the prokaryotic Chl a/b antenna and relatedness to the RC proteins
The structural study by HCA of the six helices of Prochlorococcus MED4 antenna protein (PcbA) con¢rmed, as expected, the close relatedness of this protein with members of the six-helix PS II core Chl a protein superfamily (CP43, CP47 and IsiA) that is already obvious from protein alignments [17, 18] . However, HCA also revealed a previously unsuspected homology between MSHs 1, 3 and 5 on the one hand, and MSHs 2, 4, 6 on the other hand (Fig. 1A) . We named these two kinds of MSH types A and B, respectively. Sequence alignments of these helices with the corresponding MSHs of other members of this protein superfamily (Fig. 1B) demonstrated that the particular MSH succession observed in PcbA (A-B-A-B-A-B) can be generalized to the whole superfamily. This multiple alignment allowed us to deduce characteristic Prosite-like patterns for MSH types A and B (Table 1) , which were used to scan protein databanks in order to check the validity of our ¢ndings. Using this approach, we were able to retrieve helix types A and B from most members of this protein family. Even with a minimum sequence identity of 80%, only very few false positives were detected. For a given type of helix (A or B), putative Chl-binding residues (as de¢ned by [2] ) appear to be fairly conserved. These residues are mainly histidines or less frequently glutamines or asparagines. However, for the less conserved helix 5, these residues are replaced by alanine or serine residues, suggesting that these sites may have lost their ability to bind Chl molecules. Results from HCA strongly suggest that this protein superfamily arose by triplication of a two-helix (pA-pB) precursor.
In contrast, examination of the ¢ve helices of Prochlorococcus RC II proteins (D1 and D2) by HCA (not shown) revealed that these helices are all structurally di¡erent from each other and none of them is similar to MSHs from any other Chl protein in current sequence and/or structural databases. Previous studies have shown that the RC II proteins possess structural homologies with the RCs of purple bacteria (PbRC) and green ¢lamentous bacteria [7,27^30] and we con¢rmed that by HCA (data not shown). However, whether or not these ¢ve-helix proteins were formed by the fusion/rearrangement of smaller precursor proteins remains unclear.
Similarly, the 11-helix PS I core proteins (PsaA, PsaB) share a common ancestor with RCs of heliobacteria (PshA) and green sulfur bacteria (P840), also constituted of 11 transmembrane K-helices [27,31^35] . It has been suggested that these proteins originated from the fusion of an ancestral member of the six-helix PS II core Chl a protein superfamily and a protein related to RC II [7, 28] . Examination of HCA diagrams of proteins belonging to these families con¢rms the homology between the ¢rst six MSHs of PsaA/PsaB proteins and members of the CP43/CP47/ IsiA/Pcb protein superfamily (data not shown). However, the divergence between the last ¢ve helices of RC I and the ¢ve MSHs of RC II proteins proved too wide to clearly identify structural anchoring residues by HCA. Finally, HCA of the MSHs of the minor Chl-binding proteins of PS I (PsaF and PsaI through PsaM) also did not reveal any similarity neither with MSHs from other Chl proteins nor internally for the two-helix proteins PsaF, PsaK and PsaL.
Relatedness between prokaryotic and eukaryotic antenna proteins
In much the same way as for Prochlorococcus PcbA, a protein arrangement with repetition of similar MSHs has been suggested for the three-helix eukaryotic LHCP superfamily [1, 16, 36] . Indeed, the ¢rst and third transmembrane K-helices (MSH1 and MSH3) are similar to each other and PsbS, the only four-helix protein of this superfamily, also has similar MSH2 and 4 [9, 10, 37] .
To further understand the origin of these proteins, we compared these two kinds of MSHs with K-helices from other Chl proteins. In the following text, we will refer to MSHs 1 and 2 of Lhc-like proteins as types AP and BP, respectively. As for MSH types A and B, characteristic patterns for both helix types AP and BP were found (Table  1 ) and allowed us to retrieve all MSH types AP and BP, with very few false positives. This search retrieved two non-Chl-binding members of the Lhc family, namely Cbr, a zeaxanthin-binding protein which accumulates during light stress in the green alga Dunaliella [38] and Dsp-22, a desiccation-related protein from the resurrection plant Craterostigma plantagineum [39] .
HCA and sequence comparisons of several LHCPs with members of the six-helix protein superfamily revealed some similarities between type A and type AP helices on the one hand and, although fuzzier, between type B and type BP helices on the other hand (Fig. 2) . Indeed, the helices are about the same length and most of the positions of hydrophobic and Chl-binding residues are conserved between both types of helices (Fig. 2B,C) . The Prosite patterns deduced for MSH types A-AP and B-BP respectively (Table 1) were able to detect from protein databanks only those couples of helix types from all members of the corresponding protein families, with no crossdetection of A-AP helices with the B-BP pattern (or vice versa) and no false positives at a minimum identity threshold of 95%. Homology between MSH types A and AP on the one hand and types B and BP on the other hand suggests that as members of the six-helix Chl protein superfamily, the intrinsic antennae of Chl b-containing oxyphotobacteria are related to eukaryotic antennae. The weak conservation of primary amino acid sequences of antenna proteins between prokaryotes (Pcbs) and eukaryotes (LHCPs) is likely due to the fact that these are the most variable of all Chl proteins, in sharp contrast with the RC proteins (D1/D2 and PsaA/PsaB) which are generally highly conserved among oxygenic organisms [1, 40] . The higher variability of type BP MSHS is likely due to the fact that they are subjected to fewer structural constraints than type AP MSHs which are held together by reciprocal ion pairs involving an Arg on one helix and a Glu on the other [1, 2] .
Prokaryotic precursors of LHCPs
The closest homologues of eukaryotic LHCPs known in cyanobacteria are HLIPs (or Scps). They may act in the prevention of photooxidative damage [11, 41, 42] and/or serve as peripheral antennae [12] . HLIPs/Scps generally have a single helix which shows strong homology to type AP MSH of LHCPs [12, 15] , so it has been suggested that the latter proteins may have derived from an ancestral one-helix HLIP-like form [11, 13] . Two evolutionary scenarios have been proposed which both imply the occurrence of an additional gene encoding a single-helix protein homologous to type BP MSH : (1) two genes, each encoding a di¡erent one-helix protein (one homologous to HLIP, the second to type BP helix), may have fused to yield a gene encoding a two-helix protein which by duplication then loss of the last helix would have produced the di¡erent members of the LHCP superfamily [36] ; (2) a duplication of an HLIP-like gene may have given rise to a two-helix protein with two similar (type AP) MSHs, then the insertion of a type BP helix between these two hydrophobic domains would have directly yielded the ancestral three-helix LHCP [11] . It has also been suggested that both helix types (AP and BP) could have originated from a unique ancestral one-helix gene [13] . The close examination of the 22 hli genes identi¢ed in Prochlorococcus MED4 [43] allowed us to bring complementary information to these hypotheses. Indeed, depending on the start codon considered, two of these genes (hli8 and hli18) might encode either one-or two-helix proteins. These genes are identical and belong to two four-gene regions which are exactly replicated in the genome (hli6^9 and hli16^19 [43] ). For both hli8 and hli18 with putative extended N-termini, the ¢rst MSH exhibits some intermediate characteristics between MSH types AP and BP whereas the second MSH is clearly homologous to type AP only (Fig. 3A) . Furthermore, the open reading frames (ORFs) encoding these putative two-helix HLIP-like proteins are preceded by an ORF encoding a putative one-helix HLIP (type AP), but in a di¡erent reading frame (hli7 or hli17). A mere mutational event at only two nucleotide sites could therefore have led to a genetic rearrangement yielding a gene putatively encoding a pre-LHCP three-helix protein (AP-pBP-AP; Fig. 4 ). This observation gives support to an alternative scenario for the prokaryotic origin of eukaryotic LHCPs.
3.4. Concluding remarks: Toward a global scheme for the evolution of two-, three-, four-, six-and 11-helix Chl-binding proteins
Structural and/or phylogenetic links among RC proteins on the one hand (see e.g. [33] ) and among eukaryotic antenna proteins on the other hand (see e.g. [16] ) are beginning to be cleared up. However, whether RCs and LHCs are related has almost never been examined in the literature, except by Meyer [44] , but the bases of his argumentation were somewhat obscure.
By making it possible to identify and easily compare the helices of photosynthetic transmembrane proteins, HCA led us to consider this question in a global perspective of the evolution of Chl-binding proteins (Fig. 4) . The discovery that the light-harvesting system of oxyphotobacteria possessing Chl b (Pcb) belongs to the six-helix PS II core Chl a antenna superfamily [17] , itself related to the ¢rst six helices of RC I [28] , made it possible to make the ¢rst solid evolutionary link between a peripheral antenna and a RC. Although the link is more tenuous, we here raised the hypothesis that the three-helix LHCPs of eukaryotes and the six-helix Chl protein superfamily also share a common origin. It is fairly improbable that the three-helix protein superfamily has directly arisen from the bi-partition of an ancestral six-helix protein and selective retention of the ¢rst part of the molecule. Indeed, this hypothesis would not explain the relatedness of the four-helix PsbS protein to LHCPs. Moreover, the stronger homology between MSH 1 and 3 (type AP) of the LHCPs than between the corresponding helices (type A) of the Pcb proteins is not consistent with the hypothesis of a six-helix common ancestor.
The most probable scenario is therefore that the divergence between the three-and six-helix superfamilies occurred at either the one-or the two-helix stage and that the di¡erent protein families arose by gene duplication of this ancestral unit and/or loss of one MSH. Indeed, we have shown that types A and AP share some homology and that types B and BP are structurally similar, although for the latter helices the possibility of a convergent evolution cannot be completely excluded. Moreover, the comparison between MSH types AP, A, B and BP by HCA and deduced sequence alignments shows that these four helix types share some similarities (Fig. 5A,B) . A consensus Prosite-like pattern can be found for these four helices (Table 1) which does not detect any false positives in protein databanks at a 100% identity threshold. Based on this observation, we suggest that the pA-pB and pAP-pBP precursor proteins, leading respectively to the prokaryotic and the eukaryotic antennae, likely derive from a common one-helix or two-helix precursor protein. A mere triplication of the pA-pB tandem would then have led to the sixhelix superfamily. In contrast, for the origin of Lhcs, several scenarios can be still envisaged. The most likely is that a pAP-pBP motif was duplicated to give a PsbS-like protein which subsequently lost its last MSH (hypothesis A in Fig.  4 [36] ). But the peculiar organization of the hli7 and hli8 (or hli17 and hli18) genes in the genome of Prochlorococcus sp. MED4 (Fig. 3B) suggests that the three-helix precursor protein of all LHCPs could also have arisen from a gene rearrangement leading to the fusion of a pAP polypeptide with a pBP-pAP precursor (hypothesis B in Fig. 4) .
Absence of similarity between the di¡erent helices of the Fe^S-type RC proteins (including RC II and PbRC and the C-terminal part of RC I) suggests that the evolutionary process leading to their common ancestor is signi¢-cantly di¡erent from that leading to the three-or six-helix families. No proteins of smaller size which could have fused to form a ¢ve-helix precursor can be found in the available prokaryotic genomes. Thus, in Fig. 4 , we had to assume the occurrence of an ancestral ¢ve-helix protein.
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